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ABSTRACT 

Context. The spiral galaxy NGC 6946 hosts magnetic spiral arms, highly aligned magnetic fields between the gas/optical arms. 
Aims. The origin of the magnetic phenomena and their relation to the interstellar gas are investigated. 

Methods. NGC 6946 was observed in total intensity and linear polarization in five radio bands between 3 cm and 21 cm. Maps of 
spectral index, Faraday rotation and depolarization were derived. 

Results. At the inner edge of the inner gas spiral arm the ordered magnetic field is only mildly compressed and turns smoothly, to 
become aligned along the gas arm. Hence the field is not shocked and is probably connected to the warm, diffuse gas. At larger radii, 
two bright magnetic arms between the optical arms are visible in polarized intensity. The field in the northern magnetic arm is almost 
totally aligned. Faraday rotation measures (RM) in these arms are consistent with the superposition of two low azimuthal dynamo 
modes. Three more magnetic arms are discovered in the outer galaxy, located between H i arms. The RM structure function confirms 
large-scale coherent fields. The observed anti-correlation between the field's pitch angles and the RM values is a possible signature 
of helical fields. ~ Due to strong Faraday depolarization the galaxy is not transparent to polarized waves at AlScm and /t20cm. 
The large-scale asymmetry in depolarization with respect to the major axis may be another indication of large-scale helical fields. 
Three depolarization rings of almost zero polarization seen at A20 cm are probably generated by differential Faraday rotation in H ii 
complexes in NGC 6946 of 300-500 pc size. - In the gas/optical spiral arms, the total (mostly turbulent) magnetic field is amplified 
to ^ 20 fjC. Its energy density is ^10 times larger than that of the ionized gas and is similar to that of the turbulent gas motions in 
the inner galaxy. The magnetic energy exceeds that of the turbulent energy in the outer galaxy. All energy densities in NGC 6946 are 
about one order of magnitude larger than those in the Milky Way. 

Conclusions. Density waves in the inner gaseous spiral arms mildly compress the field. Dynamo action probably generates the 
magnetic spiral arms. The magnetic field is dynamically important, interacts with the gas flow and possibly determines the properties 
of the gas spiral arms. 
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- radio continuum: ISM 



1. Introduction 

Radio polarization observations revealed magnetic fields of con- 
siderable strength in all galaxies containing a significant amount 
of cold gas (see Beck 2005 for a review). Magnetic fields are 
probably important for star formation (Mac Low & Klessen 
12004 ; Heiles & Crutcher I2005I I. especially the first generation 
of stars (Silk & Langer 120061) . and for the formation of spiral 
arms (Kim & Ostriker l2002! Gomez & Cox|2002jl, but their role 
is not yet understood. 

NGC 6946 is a nearby grand-design spiral galaxy of Hubble 
type Scd at only ^ 5.5 Mpc distance (Tully 1988'), so that 1' cor- 
responds to 1.6kpc. With an optical diameter of about 20' it is 
one of the largest galaxies in the sky. The spiral arms are mas- 
sive, but without prominent dust lanes at their inner edges, in- 
dicating relatively weak density waves. No companion galaxy is 
known, and the small inner molecular bar can hardly excite den- 
sity waves. The distribution of gas and star formation is asym- 
metric ("lopsided"), with one prominent spiral arm in the north- 
east. 

NGC 6946 is bright in all spectral ranges and hence an ideal 
laboratory to test the interaction between the components of the 
interstellar medium. The radio-infrared correlation within galax- 
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ies was first studied there (Beck & Golla 119881 Bicay et al. 
'1989). Linearly polarized radio continuum emission was first 
detected at /I2.8cm with the Effelsberg telescope (Klein et al. 
119821 ). followed by more sensitive Effelsberg observations at 
^6.2 cm and ^2.8 cm (Harnett et al. [19891 Ehle & Beck[T993] ) 
and observations with the VLA at AA18, 20 cm (Beck |199l1 l and 
/I6cm (Beck & Hoernes 1996). The latter authors combined 
VLA and Effelsberg data and demonstrated that the missing 
small baselines of an interferometer reduce the large-scale emis- 
sion not only in the Stokes parameter /, but also in Q and U. 
Thus the combination of high-frequency data from synthesis and 
single-dish telescopes is also essential for polarization measure- 
ments. 

The combined A6.2 cm polarization map by Beck & Hoernes 
( 119961 ) revealed two surprisingly symmetric "magnetic spiral 
arms" located between the optical spiral arms. After subtraction 
of the diffuse unpolarized radio background the degree of polar- 
ization is 30-60%. This means that the field in the magnetic arms 
is almost perfectly aligned, parallel to the adjacent spiral arms. 
The symmetry and alignment of the magnetic arms indicated 
that a new kind of physical phenomenon was discovered, with 
possibly major consequences for our understanding of galactic 
magnetic fields. Analysis of the magnetic arms in NGC 6946 
with 1-D wavelet functions by Frick et al. ( 120001 ) indicated that 
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they are phase-shifted "images" of the optical arms. The cross- 
correlation technique using 2-D isotropic wavelets demonstrated 
an anticorrelation between polarized intensity and gas density 
(Frick etal. |200T1 l. 

After the discovery of the magnetic arms in NGC 6946, sev- 
eral authors presented dynamo models with generation of mag- 
netic arms (Moss 1998; Shukurov 1998; Rohde et al. [T999] l. 
Dynamo action is supported by the observational result that 
Faraday rotation measures in NGC 6946 are preferentially pos- 
itive in the northern magnetic arm and negative in the south- 
ern arm, thus a large-scale field with a coherent direction exists 
(Ehle & Beck 1993). As the northern side is nearer to us, the ra- 
dial component of the spiral magnetic field points inwards, i.e. 
towards the galaxy's centre. A similar result was found for spiral 
fields in several other galaxies, but neither dynamo action nor 
large-scale primordial seed fields are able to explain this pref- 
erence (Krause & Beck 1 19981 1. An alternative interpretation of 
the magnetic arms as slow, phase-shifted MHD waves (Fan & 
Lou [1^61 [19971 Lou & Fan [T998] l was intriguing. However, 
slow MHD waves can exist only in the rigidly rotating part of a 
galaxy while the magnetic arms are mainly observed in the outer 
regions. Fundamental criticism was raised by Shukurov (2005 ) 
who claimed that slow MHD waves are unstable in three dimen- 
sions. 

In spite of all efibrts the phenomenon of magnetic arms is 
far from being understood. In this paper new multi-wavelength 
radio observations of NGC 6946 which were obtained during the 
last years are presented and discussed. The two main magnetic 
arms are confirmed at all wavelengths, but more magnetic arms 
exist. The almost perfect alignment of the magnetic field vectors 
along the arm structure suggests close interaction between the 
field and the gas flow. 

2. Observations and data reduction 

The main parameters of the radio continuum observations with 
the Very Large Array (VLA) operated by the NRACQ and the 
Effelsberg telescopqj are given in Table [T] Reduction of the 
data was performed with the standard routines of the AIPS and 
NOD2 software packages, respectively. 3C138 and 3C286 were 
used for calibration of flux density and polarization angle. The 
secondary calibrator J2022-I-616 was measured during the VLA 
observation periods about once every 30 minutes and used for 
calibration of telescope gains and phases and for correction of 
instrumental polarization (routine pcal). The accuracy of polar- 
ization angle calibration is better than 1° for both telescopes. 
The level of instrumental polarization is less than 1 % at the cen- 
tre of the VLA primary beam, but increases to a few % at the 
half-power radius (Condon et al. '19981 However, the observa- 
tions presented here are obtained from data observed over a wide 
range of parallactic angles so that the instrumental polarization 
is smoothed out. The instrumental polarization of the Effelsberg 
telescope emerges from the polarized sidelobes with 0.3-0.5% 
of the peak total intensity at the frequencies of the observations 
presented in this paper 

At A3. 6 cm the VLA maps in Stokes /, Q and U were com- 
bined (using LTESs) from three pointings centered at RA, DEC 
(J2000) = 20'' 34™ 55^.9, h-60° 10' 24" (north), 20*^ 34™ 3V.9, 

' The NRAO is a facility of the National Science Foundation oper- 
ated under cooperative agreement by Associated Universities, Inc. 

^ The Effelsberg 100-m telescope is operated by the Max-Planck- 
Institut fur Radioastronomie in Bonn on behalf of the Max-Planck- 
Gesellschaft (MPG). 



-h60° 09' 13" (west) and 20*" 34™ 52^, -h60° 06' 44" (south). 
Primary beam attenuation has been corrected for. Two sets of 
maps were obtained by robust and natural weighting of the uv 
data, giving two different angular resolutions (8'.' 5 and 12"). The 
maps at 12" resolution were merged with the Effelsberg data at 
/12.8 cm by applying imerg with an overlap in the baselines of the 
uv data of 1000-1500/1. (The minimum baseline of the VLA is 
about 850/1 while the maximum baseline of the Effelsberg tele- 
scope is about 3500/1.) The small difference in wavelengths was 
corrected by assuming a mean spectral index of -0.7, according 
to Ehle & Beck ( 119931 ). The errors introduced by this assump- 
tion are negligible because the Effelsberg data are used to fill 
the largest missing structures only. The combined maps were 
smoothed to 15" (- 400 pc) resolution to increase the signal-to- 
noise ratio. 

At A6.2 cm the VLA and Effelsberg maps were combined by 
Beck & Hoernes ( |I996i ). For this paper the original resolution 
of the VLA maps of 12'.' 5 (robust weighting) was increased to 
15" in order to increase the signal-to-noise ratio. The galaxy was 
observed again more deeply at A6.2 cm with the Effelsberg tele- 
scope to search for extended emission around the galaxy. 

At AA18.0, 20.5 cm the existing D-array data by Beck (1991]) 
were combined with the more recent C-array data in the uv plane. 
Maps were generated at 15" resolution (robust weighting) and 
corrected for primary beam attenuation. Effelsberg data were ob- 
served at a similar wavelength. Flux integration of the VLA and 
Effelsberg maps gave similar values and hence no indication for 
missing large-scale structures in the VLA maps and no need for 
a combination. 

The maps in Stokes Q and U were combined to maps of lin- 
early polarized intensity PI including the correction for positive 
bias due to noise (polco in aips and polden in nod2). Note that in 
the PI maps the noise distribution is non-Gaussian, and the stan- 
dard deviation underestimates the noise. Hence only rms noise 
values for the maps in Stokes /, Q and U are given in Table[T] 

3. Results 

3.1. Total intensity 

The total radio intensities at A6.2 cm and A20.5 cm are shown in 
Figs.[T]and|2] The emission follows closely the distribution of IR 
emission, as has been discussed in previous papers (Frick et al. 
2001 ; Walsh et al. 2002 ). According to Murphy et al. (|2006| ) the 
radio image should be a smoothed version of the IR map due to 
diffusion of cosmic -ray electrons from the star-forming regions. 
Figure[T]does not confirm this. The widths of several spiral arms, 
measured along slices across them, are identical in the radio and 
IR maps to within 1 " . The intensity of total synchrotron emission 
is proportional to where Bt is the component of the total 

magnetic field in the sky plane and a„ is the synchrotron spectral 
index {ly cc v"", with a„ ^ -1, see below). In the equipartition 
case (see Sect. 13. 3t /y oc B^^"" . As a result of this strong depen- 
dence, the distribution of radio synchrotron emission in the disk 
of a spiral galaxy like NGC 6946 is dominated by the distribu- 
tion of magnetic fields rather than by the propagation properties 
of cosmic rays, and the nonthermal part of the radio-infrared cor- 
relation is due to the coupling between magnetic fields and cold 
ga s cloud s (Niklas & Beck il997t Hoemes et al. ,1998i Walsh et 
al. l2002l l. 

NGC 6946 is surrounded by an envelope of weak radio emis- 
sion which is best visible in the most sensitive A2Q.5 cm map 
(Fig. |2] left) and is mostly of nonthermal synchrotron origin, as 
evidenced by its steep spectral index (Fig.[3]l. Walsh et al. (|2002| l 
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VLA 


Effelsberg 


Frequency (GHz) 


8.435 & 8.485 


10.55 


Wavelength (cm) 


3.55 & 3.52 


2.84 


Configuration 


D 




Pointings 


3 




Observing dates 


1995 Apr 13+20, 1996 July 21+23 


1990 June to 1991 Feb 


Net observing time (h) 


26 


60 


Resolution of final maps 


8'.' 5 & 15" 


68" 


Rms noise in /; Q and U (//Jy/beam area) 


10; 7 & 15; 8 


450; 200 


Reference 




Ehle & Beck (11 99311 


Frequency (GHz) 


4.835 c& 4.885 


4.85 


Wavelength (cm) 


6.20 & 6.14 


6.18 


Configuration 


D 




Pointings 


1 




Observing dates 


1991 Mar 23 + Apr 1 


1997 Jan to 1998 Sep 


Net observing time (h) 


10 


18 


Resolution of final maps 


15" 


147" 


Rms noise in /; Q and U (/jjy/beam area) 


/z; 15 


5UL); /U 


Reference 


Beck & Hoernes (|1996|l 




Frequency (GHz) 




2.675 


Wavelength (cm) 




11.21 


Observing dates 




1999 Apr to July 


Net observing time (h) 




7 


Resolution of final maps 




300" 


Rms noise in /; Q and U (/ijy/beam area) 




1000; 600 


Frequency (GHz) 


1.465 & 1.665 


1.400 


Wavelength (cm) 


zU. 4o & 18. Ui 


zi.41 


Configuration 


D + C 




Pointings 


1 




Observing date 


1988 July 26 + 1996 Apr 4 


1998 Sep 


Net observing time (h) 


12 + 11 


7 


Resolution of final maps 


15" 


560" 


Rms noise in /; Q and U (/( Jy/beam area) 


20; 12 


5000; 2000 


Reference 


Beck(ll99lll(Darrav) 





found that the exponential scale length of the variation of the 
nonthermal emission at A2Q.5 cm with galactocentric radius is 
^ 4 kpc, about twice that of the Ha, CO and IR emission com- 
ponents. In case of energy equipartition between magnetic fields 
and total cosmic rays (and constant ratio of cosmic-ray protons 
to electrons), the scale lengths of the cosmic -ray electrons and 
of the total magnetic energy density are ^ 8 kpc, (^) - 2 times 
longer than that of the nonthermal emission (where o-n ^ - 1 is 
the synchrotron spectral index, see below), and the scale length 
of the total magnetic field strength is ^ 16 kpc, 3 - a„ ^4 times 
longer than that of the nonthermal emission (see Fig. |5]l. If the 
electrons are mostly generated in the inner disk where star for- 
mation is strongest and lose energy when diffusing outwards, 
their scale length is smaller than that obtained from the equipar- 
tition estimate while that of the magnetic field is even larger than 
16 kpc. 

In the logarithmic representation (Fig.[T]right) a weak, regu- 
lar feature appears between the two northern spiral arms. The 
wavelet-filtered A20.5 cm image of scales of around 40" (^ 
1 kpc) shows this feature much clearer. It is the northern mag- 
netic arm which is highly polarized and hence much more promi- 
nent in polarized intensity (Sect. [3741 ). 

An almost circular hole with very low radio emission is ob- 
served at RA, DEC(2000) = 20*' 34" 20^ 60° 09' 40" (Figs.[T] 
and|2]). Its diameter is about 40" (Ikpc). As cosmic -ray elec- 
trons can easily traverse 1 kpc distance, the lack of synchrotron 
emission must be the result of a locally weak magnetic field. A 
highly regular field perpendicular to the disk, almost along the 



line of sight and hence without observable radio emission, is an- 
other explanation, though less probable. The hole is also very 
prominent in H i (Braun et al. 120071) and probably represents 
a superbubble driven by multiple supernova explosions which 
swept away the gas and magnetic fields. H i holes are a common 
phenomenon in galaxies like NGC 6946 (Kamphuis & Sancisi 
1993) , but the association with a hole in radio continuum is rare. 

3.2. Thermal and nonthermal emission 

The maps of intensities ly at /I20cm and A3.5 cm at 15" resolu- 
tion were used to determine the radio spectral index a (Fig. [3]). 
The spectrum is generally flatter in the spiral arms than outside 
the arms, indicating a larger fraction of thermal emission in the 
arms. 

The thermal and nonthermal components were separated in 
the classical way by assuming a constant spectral index of -0. 1 
for the thermal and - 1 .0 for the diffuse nonthermal emission, for 
which the spectral index of the outer disk was taken. The result- 
ing map of thermal emission agrees well with the distribution of 
Ha emission (Fig.|4]i. Frick et al. (2001 ) showed that the wavelet 
cross-correlation between radio and optical thermal emission is 
very high for scales larger than about 40" (- 1 kpc); the weaker 
correlation at smaller scales is probably due to enhanced extinc- 
tion in large, dense star-forming regions. 

The assumption of a constant nonthermal spectral index 
a,, - -1.0 is clearly too simplistic. Firstly, the regions of high 
star-formation rate in the spiral arms contain a large fraction of 
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Fig. 1. Left: Total intensity contours of NGC 6946 at /I6.2cm at 15" resolution, combined from VLA and Effelsberg data. The 
contour intervals are 1,2, 3, 4, 6, 8, 12, 16, 32, 64, 128 x 300 /vJy/beam area . The background greyscale image shows the 7 /im IR 
emission measured with the ISO satellite with about 6" resolution (Dale et al. 120001) . Here and in the following maps, the beam size 
is shown in the bottom right or left corner of each panel. Right: Logarithmic representation of the total intensity at A6.2 cm and at 
15" resolution. 



NGC6S46 20cm Total Intensity HPBWzIS" * H-alpha NGC6946 20cm Total Intensity HPBWzlB" Wavelet scale 40" 




Fig. 2. Left: Total intensity contours of NGC 6946 at A20.5 cm at 15" resolution, combined from VLA and Effelsberg data. The 
contour intervals are 1, 2, 3,4, 6, 8, 12, 16, 32, 64, 128x200 yuJy /beam area. The background greyscale image shows the Ho- emission 
(Ferguson et al. .1998i ). Right: Filtered version of the A2Q.5 cm image by subtracting the three brightest sources in the fields and 
transformation with an isotropic "Mexican hat" wavelet function with a half -power width of 40" (see Frick et al. 1200 11 1. 



young cosmic -ray electrons released from supernova remnants 
which have a flat spectrum of a„ ^ -0.6 (Beck & Krause 2005 ). 
Away from the spiral arms electrons lose energy by synchrotron, 
inverse Compton and escape losses, all of which are energy de- 
pendent and hence steepen the spectrum. Secondly, the spiral 



arms contain a contribution of direct synchrotron emission from 
supernova remnants which have spectral indices a„ between 
and -0.9 (Green UOOll l. Both eff'ects lead to an overestimate of 
the thermal emission in the spiral arms and hence an underes- 
timate of the nonthermal emission. More reliable estimates of 
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Fig. 3. Spectral index distribution between /I20cm and A3. 5 cm 
at 15" resolution, determined for points where the intensities at 
both wavelengths exceed lOx the rms noise, so that the maxi- 
mum error is ±0.08. 



the thermal radio emission require extinction-corrected Ha maps 
(Tabatabaei et al. |2007] l. 

3.3. Magnetic field strengtlis and energy densities 

The strengths of the total magnetic field B, and its regulaiQ 
component Byg„ in the sky plane can be derived from the to- 
tal synchrotron intensity and its degree of linear polarization 
(see Sect. 13.4b . assuming equipartition between the energy den- 
sities of the magnetic field and the total cosmic rays, a value for 
the ratio R between the number densities of cosmic -ray protons 
and electrons, the pathlength L through the synchrotron-emitting 
medium and the synchrotron spectral index a„ (Beck & Krause 
I2005 J . With R - 100, L - I kpc and a„ - -1, the average total 
field strength varies from 25 fiG in the inner bar to 15 //G in a 
ring at 5 kpc (^ 3') radius of 0.5 kpc width, the average ordered 
field from 8 fiG near the centre to 6 fiG in the same ring at 5 kpc 
radius. Typical values of the total field strength in the main opti- 
cal spiral arms are 1 8-20 yuG , those of the ordered field < 5 /kG . 
The strengths of the ordered, mostly regular field in the two main 
magnetic arms (which are strongest at around 5 kpc radius) is 
typically 9,-10 fiG. 



^ Note that 6-vectors of linearly polarized emission can trace either 
regular magnetic fields (i.e. preserving their direction within the tele- 
scope beam, also called coherent fields) or anisotropic fields (i.e. with 
multiple field reversals within the beam, also called incoherent fields). 
To distinguish between these two components, additional Faraday ro- 
tation data is needed. The fields observed in polarization are called 
"ordered" throughout this paper. If Faraday rotation data are available, 
"regular" or "anisotropic" are used. - Also note that the equipartition 
strengths of the ordered field are always lower limits due to the limited 
resolution (beam depolarization) and Faraday depolarization effects. 
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Fig. 4. Contours of thermal intensity of NGC 6946 at 
/I3.5cm at 15" resolution. The contour intervals are 
1,2,3,4,6,8,12,16,32,64,128 x 150 ^uJy /beam area. The 
background greyscale image shows the Ho- emission (Ferguson 
etal. |T998] l. 



The faintest total intensity of ^ 1 mJy per 147" beam 
detected in the outer galaxy with the Effelsberg telescope at 
A6.2 cm is near the confusion limit of unresolved background 
sources of 0.5 mJy /beam area with this telescope (Reich, priv. 
comm.) and gives a detection limit for total (equipartition) fields 
of about 6 juG . The Effelsberg total intensity limit corresponds 
to ^ lOyuJy per 15" beam, which is below the rms noise of the 
VLA maps in this paper. The faintest polarized intensity (Fig. [8]) 
of ^ 200//Jy per 147" beam (corresponding to ^ 2//Jy per 15" 
beam) gives a detection limit for ordered fields of about 3 fiG . 
Detection of weaker total or ordered fields in galaxies would 
need unrealistically deep integrations. Detection of weaker regu- 
lar fields by their intrinsic Faraday rotation of polarized emission 
from background sources is possible but also requires deep in- 
tegrations to obtain a sufficiently large number of background 
sources. Hence, the data of NGC 6946 presented in this paper 
demonstrate the limits of present-day telescopes. 

The relative importance of various competing forces in the 
interstellar medium can be estimated by comparing the corre- 
sponding energy densities or pressures. In the local Milky Way, 
the average pressures of turbulent gas motions, cosmic rays and 
magnetic fields are similar (^ 1 ■ 10"'^ erg cm"-'), while the 
thermal pressure of the warm gas is smaller by a factor of 3-5 
(Boulares & Cox [19901 Cox ISfel l. In numerical MHD simula- 
tions, much of the gas falls off the equipartition lines between 
local thermal and magnetic pressures as well as between local 
thermal and kinetic pressures, and even the average values do 
not agree (Avillez & Breitschwerdt |2005i Mac Low et al. 2005"] l. 
On the other hand, these simulations do not include dynamo ac- 
tion which may help to balance magnetic and kinetic energies. 
The new data available for NGC 6946 allow a study of average 
pressures as a function of galacto-centric radius (Fig.|5]), results 
which are hard to achieve for the Milky Way. 
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Fig. 5. Energy densities and their radial variations in the spiral 
galaxy NGC 6946. 



The energy density of the total equipartition magnetic field 
(B^/Stt) in the disk, identical to that of the total cosmic rays, 
was derived from the map of nonthermal synchrotron intensity, 
assuming a constant pathlength through the emitting medium of 
1 kpc. The energy density of the ordered magnetic field was de- 
rived from the map of polarized intensity. The thermal energy 
density (|(«e>fer) of the warm ionized gas (T ^ 10"* K) was cal- 
culated from the map of thermal radio emission (giving the emis- 
sion measure EM = L{nl} which is dominated by Hii regions, 
see Fig. HJi, using a pathlength L of 1 kpc, a constant volume 
filling factor / of 5% (Ehle & Beck 1993). The average num- 
ber density (we) - y/finl) of the Hii regions decreases from 
about 0.5 cm"^ at 1 kpc radius to about 0.3 cm~^ at 5 kpc radius. 
The average number density («) of the total neutral gas (molec- 
ular + atomic) was determined from the CO map of Walsh et al. 
( I2OO2I 1 and the H i map of Kamphuis & Sancisi ( 1993 ), assuming 
for simplicity a constant scale height of the disk of lOOpc. (n) 
decreases from about 50 cm"-' at 1 kpc radius to about 7 cm"-' 
at 5 kpc radius. The molecular gas traced by the CO emission 
dominates until 5 kpc radius. Assuming a constant temperature 
of r = 50 K, the energy density of the molecular gas was com- 
puted and is shown in Fig.|5] The contributions of the cold and 
warm atomic gas cannot be determined with the existing low- 
resolution data, so that the thermal energy density of the total 
neutral gas is unknown in NGC 6946. To compute the kinetic 
energy density (jpv^) of the turbulent motion of the total neutral 
gas, its turbulent velocity was assumed to be Vtui-b = 7 km s"' , the 
typical value derived for the neutral gas in our Galaxy (Boulares 
& Cox [1990; Kalberla & Kerp ITWSl ) and from ISM models 
(Fletcher & Shukurov 2001). 

The energy densities of all components in NGC 6946 are 
about one order of magnitude larger than in the Milky Way (Cox 
[2005) . The energy density of the ionized gas fith in NGC 6946 
(Fig. |5]) is about one order of magnitude smaller than that of 
the magnetic field iSmagn. This result is similar to that derived 
for the Milky Way (Cox l2005T l. The ISM seems to be a low-/? 
plasma (J3 - ^th/^^magn)- 3-D magnetohydrodynamical models 
for the ISM predicted a large variation of local /3 values, with the 
average value steeply increasing with temperature (Mac Low et 
al. 120051 Avillez & Breitschwerdt|2005ll. 

The thermal energy density of the ionized gas E± in Fig. |5] 
and hence j6 may be underestimated if there is a significant con- 
tribution from hot gas, or if the diffuse warm ionized gas domi- 



nates over the H 11 regions, so that the effective filling factor / of 
the warm ionized gas would be larger than 5% ((«e) 0^ ^jhiJ)■ 
However, the values of («e) for the H 11 regions in NGC 6946 
(see above) are more than one order of magnitude larger than for 
the warm diffuse ionized gas (Sect. I3.7l i and about two orders 
of magnitude larger than typical values for the hot gas (Fletcher 
& Shukurov (200 Id . Finally, /Sth could be twice larger if the con- 



tribution of protons is also considered. In summary, no major 
uncertainties in Zith are expected. 

The large energy density of the turbulent motions compared 
to the thermal energy density in Fig. |5] means that turbulence 
in the diffuse ISM is supersonic, which is consistent with 3- 
D MHD models for the ISM (Avillez & Breitschwerdt !2005T l. 
While supersonic turbulence in molecular gas clouds of the 
Milky Way is observed and helps to support the clouds (Mac 
Low & Klessen l2004l l. supersonic turbulence in the diffuse ISM 
would lead to widespread shocks and hence is hard to maintain. 
The results presented here are puzzling and need further investi- 
gations in other galaxies. 

In the inner parts of NGC 6946 the energy densities of the 
total magnetic field and turbulent gas motions are similar, while 
the field dominates in the outer parts. The reason is the large 
radial scale length of the total magnetic energy (7.0 ± 0.1 kpc 
for radii larger than 3 kpc) compared to the scale length of 
about 3 kpc of the neutral gas density (Walsh et al. I2002I I. 
This is in apparent conflict with the generation of interstellar 
magnetic fields from turbulent gas motions. Before considering 
physical explanations, like radial diffusion of the magnetic field 
(Priklonsky et al. 2000 J . field configurations in a wind-driven 
halo (Breitschwerdt et al. |2002| l, or a supra-equipartition turbu- 
lent dynamo (Belyanin et al. 1993), possible bias effects of the 
values shown in Fig.|5]have to be discussed. 

The discrepancy between total magnetic and turbulent en- 
ergy densities may indicate that the turbulent velocity of the neu- 
tral gas in NGC 6946 is underestimated. 6 km s"' and 9 km s"' 
of the cold and warm neutral gas components, respectively, are 
needed for the vertical hydrostatic equilibrium, while the to- 
tal turbulent velocity is V3 times higher (Fletcher & Shukurov 
2001). Another increase could be caused by the high star- 
formation rate in NGC 6946. As a result, the magnetic and turbu- 
lent energy densities could become similar until several kpc ra- 
dius. In the outer parts of the galaxy, turbulence generated by the 
magneto-rotational instability (MRI) (Sellwood & Balbus [1^991 
Dziourkevitch et al. 2004 ) could be stronger than turbulence ex- 
cited by star formation and increase the turbulent energy density 
and scale length. 

The discrepancy between total magnetic and turbulence en- 
ergy densities for radii larger than about 2 kpc may also indi- 
cate that the magnetic field strength or the scale length of mag- 
netic energy density are overestimated. If energy equipartition 
between magnetic fields and cosmic rays does not hold, the esti- 
mates of field strength based on this assumption would be in- 
valid. If, e.g., the density of cosmic-ray electrons is constant 
in the galaxy, the scale length of the magnetic energy density 
would decrease to 3.5 kpc, similar to the scale length of the en- 
ergy density of turbulence. However, the sources of cosmic rays 
are believed to be related to star-forming regions, which are con- 
centrated in the inner galaxy, and the propagation of cosmic- 
ray electrons is limited by synchrotron losses, so that a constant 
density of cosmic-ray electrons can hardly be maintained, y-ray 
data from the Milky Way indeed indicate a radial decrease of 
the cosmic ray distribution (Strong & Mattox 119961 ). The ag- 
ing of cosmic -ray electrons towards the outer galaxy leads to a 
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Steeper decrease and hence to an increasing proton-to-electron 
ratio R and to an underestimate of the magnetic energy as shown 
in Fig.|5] This would enhance the discrepancy with the turbulent 
energy. 

Fluctuations of the total field strength across the telescope 
beam or along the line of sight are a possible source of uncer- 
tainty of the equipartition estimate because the observed syn- 
chrotron emission traces ((Bf))'^"^ (Beck & fCrause 2005 , for a 
synchrotron spectral index a„ - -1) and hence is biased to- 
wards regions with strong fields. With fluctuations in strength of 
amplitude a (where a - 6Bil{B^) the total equipartition strength 
is too large by a factor of {1+60^+0^)^ . Note that (JZ?t is smaller 
than the random field as derived from Faraday depolarization 
(Sect. [J!9l ) because fluctuations of the field direction do not con- 
tribute to 5Bi. For the same reason, the degree of field regularity 
(Fig. [Toll also cannot be used to estimate a. Regarding a ^ 1 as 
the upper limit, the maximum overestimate is 1.7 times for the 
total field strength and 2.8 for the total magnetic energy. In sum- 
mary, there may be room to argue for an overestimate of the total 
magnetic energy density in Fig.|5]by a factor of about 2-3. 

The energy density of the ordered field in NGC 6946 is 5-8 
times smaller than that of the total field, while the scale length is 
similar, 8.2 + 0.8 kpc for radii larger than 6kpc. Ordered fields 
are detected in NGC 6946 up to about 15 kpc radius (Fig.[8j and 
regular fields up to 12 kpc radius (Sect. [XT), but these may ex- 
tend much further, to at least 20 kpc (12.' 5) radius until which Hi 
emission is detected (Boomsma et al. 120051 Braun et al. 120071 
Fig. IT). A deep survey of Faraday rotation of polarized back- 
ground sources is needed to search for magnetic fields at large 
radii. 

If the slow decrease of the magnetic field energy density in 
Fig. |5] continues to even larger radii, it may affect the rotation 
curve in the outer galaxy, as proposed by Battaner & Florido 
( I2OOOI 1. According to Battaner & Florido (2007) the flat radial 
profile of the magnetic energy in NGC 6946 causes a net inward 
force. 

3.4. Polarized intensity 

Figs.l6HTnshow the distributions of the polarized emission at the 
five observation frequencies. There is very little similarity to the 
maps of total emission. The polarized emission in the optical spi- 
ral arms is low; it is anticorrelated with the Ha emission (Frick 
et al. 12001 1 ). The fractional polarization in the inner optical arms 
of 1-5% at AA3,6cm wavelengths is low due to wavelength- 
independent depolarization by unresolved field structures, either 
fields tangled by star-formation activity or by turbulent fields. 
In the outer arms the fractional polarization increases to 5-10%. 
At /1/118, 20 cm the fractional polarization in the arms is smaller 
than 2%. 

Note that the orientations of the observed /s-vectors at 
/118.0 cm (Fig. |6] bottom left) and /120.5 cm are by chance sim- 
ilar to those of the magnetic field because Faraday rotation at 
these wavelengths originates mainly in the Galactic foreground 
which has RMf„ ^ 40radm"^, giving 74° at /118.0cm and 96° 
at ^20.5 cm (see Sect. [377b. 

The Faraday-corrected magnetic field vectors (Fig. |6] right) 
appear to be less ordered than the observed Z?-vectors (Fig. |6] 
left). This is due to the relatively large errors in Faraday ro- 
tation which had to be determined from data over a small fre- 
quency range, leading to errors in the field orientation of up to 
15° between A3 cm and /16 cm and up to 45° between /118 cm 
and A20 cm at the cutoff limit of 4 times the rms noise (Sect. |3.7T ). 



The most striking phenomena in Fig. |6] are the two bright 
magnetic arms between the optical arms, known already from 
the previous A6.2 cm observations (Beck & Hoernes 1996). The 
magnetic arms are visible at all wavelengths, except in the 
single-dish Effelsberg maps (Figs. [8]and|9]l where the beam is 
too large to resolve them. 

The fractional polarization p observed at A3 cm and A6 cm is 
30^5% in the northern magnetic arm and 20-30% in the south- 
ern magnetic arm. These are among the highest degrees of po- 
larization observed in any spiral galaxy so far, similarly high as 
in the emission ring of M 3 1 (Berkhuijsen et al. 2003 ). The frac- 
tional polarization of the nonthermal emission p„ is obtained by 
subtraction of the unpolarized thermal contribution. As the ther- 
mal emission is small in the interarm regions (Fig. [Hi p„ is only 
marginally higher than p in the magnetic arms. Subtraction of 
the smooth, mostly unpolarized background from the total inten- 
sity increases p in the northern arm to about 75% at A3 cm and 
A6 cm, which is the maximum possible degree of linear polariza- 
tion po of po = (3 - 3a„)/{5 - 3a„) (where a„ is the nonthermal 
spectral index). The magnetic field in the northern magnetic arm 
seems to be totally aligned. 

The bright magnetic arms are located between the optical 
and gas spiral arms, but they are not free of gas. The Hi emis- 
sion is quite strong in the interarm regions of the inner galaxy, 
without concentration to the magnetic arms (Fig.|7]). Weak inter- 
arm emission is seen in the maps of 7 pva dust emission (Fig. [1] 
left) and in Ha (Fig. |4]l. Deeper images may reveal a relation 
between the magnetic arms and interarm gas or dust features. 

At /118.0 cm and /120.5 cm, where the signal-to-noise ratio 
is highest, the bright magnetic arms observed at smaller wave- 
lengths turn out to be the brightest features of a system of at least 
five magnetic arms which extend to at least lOkpc radius (Figs.|6] 
bottom and Fig.lTTTi. The main northern magnetic arm continues 
towards the east, lOkpc from the centre. Two more magnetic 
arms can be identified north and north-west of the main northern 
magnetic arm. Both outer magnetic arms are located in regions 
with very low density of H i gas (Fig. |2ll, one at the outer edge 
of an H I arm at 3' 5 (5.5 kpc) north of the centre, the other one 
at the inner edge of the next arm at 6' (9.5 kpc) north-west of the 
centre. South-east of the main southern magnetic arm, another 
magnetic arm is seen which is broad and may consist of several 
individual features. More magnetic arms could exist in the outer 
south-western quadrant, but strong Faraday depolarization pre- 
vents their detection at /118.0 cm and A2Q.5 cm. The two bright 
magnetic arms can be interpreted as a superposition of two az- 
imuthal dynamo modes (m - and m - 2), but five magnetic 
arms or more need higher modes with m > 3 (see discussion in 
Sect.gl]). 

The maps of polarized intensities at short wavelengths 
(Fig.|6]top) and those at longer wavelengths (Fig.|6]bottom) dif- 
fer in the south-western quadrant where Faraday depolarization 
DP is strong at /1/118.0, 20.5 cm, as already known from previous 
observations at lower resolution (Beck 1991). The origin of this 
DP asymmetry is discussed in Sect. 14.21 The Effelsberg A6.2 cm 
and AW. 2 cm polarization maps (Figs.[8]and|9]) do not show this 
hole. This indicates that Faraday depolarization is not yet strong 
at AW. 2 cm. 

The orientations of the field vectors (Fig.|6]right) follow well 
the orientation of the spiral structure seen in polarized intensity. 
A similar result has been found for M 5 1 where the large-scale 
spiral shock front is able to align the magnetic field (Patrikeev et 
al. 2006). However, spiral shocks cannot explain the field align- 
ment along the magnetic arms of NGC 6946 (see Sect. 14. It . 
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Fig. 7. Polarized intensity contours of NGC 6946 at A20.5 cm at 
20" resolution, observed with VLA. The contour intervals are 
1,2,3,4,6,8 X 60 yuJy/beam area. The background greyscale 
image shows the Hi emission measured with the Westerbork 
telescope at about the same resolution (Boomsma et al. 120051 
Braun et al. 120071 1 . 
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Fig. 8. Polarized intensity contours and Z?-vectors (£+90°) 
of NGC 6946 at /I6.2cm at 2.' 45 resolution, observed 
with the Effelsberg telescope. The contour intervals are 
1,2,3,4,6,8, 12, 16,24x200 //Jy /beam area. The vector length 
is proportional to polarized intensity, 20" length corresponds to 
1000 //Jy /beam area. The vector orientations are not corrected 
for Faraday rotation. 



3.5. Field regularity 

Pn is a measure of the ratio q of the field strength of the regular 
field in the sky plane and the random field, the degree of reg- 
ularity of the field, q - Breg/Bran- As some fraction of the field 
observed in polarization can be an anisotropic turbulent field (see 
footnote (3)), q as derived from p„ is an upper limit. For constant 
cosmic-ray energy density and an isotropic random field (Burn 
[19661 and eq. (2) in Beck et al. l2003l l: 



Pnlpa = q /iq + 



2(pJpo)/[3(l-{p„/po))] 



,0.5 



(1) 
(2) 



po is the intrinsic degree of polarization; po = (3+3q'„)/(5+3q;„), 
where a,, is the nonthermal spectral index. In case of equiparti- 
tion between the energy densities of magnetic field and cosmic 
rays (eq. (21) in Beck et al. 120031 adding the missing term q^^): 
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Pn/po = (q^ + -) / (q' + 3 + ^q ^) 

q - {(Pn/P0)/[2{l-{pn/P0))] 



lO.S 



q^/(r + ^) (3) 

(4) 



where the approximation is accurate to better than 5% for q < 
0.1, 2-5% for 0.1 < ^ < 1 and better than 2% for ^ > 1. For the 
same value of p„, the field regularity q in case of equipartition is 
smaller by 0.87 times compared to the value for constant cosmic- 
ray density. For small values of q and in case of equipartition, p„ 
is larger by 1.33 times compared to constant cosmic -ray density. 

Figure [TO] shows the degree of regularity q of the field, de- 
rived from the fractional polarization of the nonthermal emission 



at /I6.2cm, using eq. (4) for the case of equipartition. q is gen- 
erally below 1 over most of the galaxy, but increases to about 
1 in the outer parts of the two main magnetic arms. In the lo- 
cal Milky Way, starlight polarization and radio synchrotron data 
yield an average value of ^ - 0.6 (see Beck i2001i for a review). 



3.6. Field compression in the inner spiral arms 

At the highest available resolution at A3. 5 cm, the spiral pattern 
of the magnetic field continues well into the centre of NGC 6946 
(Fig.fTTTi. The polarized intensity is very diffuse and fills almost 
the whole area, but avoiding the optical spiral arms. High po- 
larized intensities are found at the inner edge of the inner spi- 
ral arm seen in Fig. [TT] north of the centre, but only along a 
small part of the southern inner optical arm. The B-vectors are 
aligned along the northern optical arm, giving evidence that the 
field is compressed or sheared, but Faraday rotation is not en- 
hanced in this region (see Fig.[T2]left). This means that the field 
along the optical spiral arm is anisotropic turbulent, with fre- 
quent (unresolved) reversals, as expected from compression or 
shear of an isotropic turbulent field. The compressed fields in 
the bars of NGC 1097 and NGC 1365 (Beck et al. 2005) and in 
the massive inner spiral arms of M 5 1 (Fletcher et al. i2007) have 
similar properties. Polarized radio emission is an ideal tracer 
of field compression or shear. Polarization also nicely traces 
interactions between galaxies or with the intergalactic medium 
(Vollmeret al. l2007] l. 

The contrast in polarized intensity between the northern in- 
ner arm and the diffuse region inside of the arm is about 2. 
Assuming either constant cosmic rays or energy equipartition 
between magnetic fields and cosmic rays, this corresponds to a 



R. Beck: Magnetic arms in NGC 6946 



9 



NGC6M6 liaciri Polarized Intensity Eftelsberg HPBWzS' 



10 



T" 



X 



T 



T 



T 



T" 



4 




NGC6946 Degreeottleld regular lty(equlparl It bn case) HPBW=15" 
0.2 0.6 



35 30 00 34 30 00 33 30 

RIGhfT ASCENSION (J2000) 

Fig. 9. Polarized intensity contours and B-vectors (£+90°) 
of NGC 6946 at /111.2 cm at 5' resolution, observed with 
the Eifelsberg telescope. The contour intervals are 1,2,3 x 
2000 yuJy /beam area . The vector length is proportional to po- 
larized intensity, 1' length corresponds to 3000 /iJy /beam area . 
The vector orientations are not corrected for Faraday rotation. 



mild compression of the magnetic field by 1.4x and 1.2x, re- 
spectively. 

The B-vectors in Fig.[TT]are not sharply deflected in the com- 
pression region, as expected for a shock front, but turn smoothly 
from the upstream region (east of the northern arm) into the com- 
pression region. A similar observation in barred galaxies lead to 
the conclusion that the regular field is not coupled to the cold, 
molecular gas but to the warm, diffuse gas (Beck et al. |2005l l. 

The hole in polarized intensity south-west of the nucleus 
(Fig. fTTT i is the result of beam depolarization, as the field is 
strongly twisted within the telescope beam. The offset with re- 
spect to the galaxy nucleus could be due to asymmetry of the 
field pattern, possibly due to shearing gas flows near the inner 
stellar bar which is also observed in CO lines (Schinnerer et al. 
I2OO6I 1. The generation of strong fields with a large-scale spiral 
pattern is typical for late-type barred galaxies (Beck et al. 120021 
l2005T l. 

3.7. Faraday rotation 

The polarization angles at /I3.5cm and /I6.2cm and those at 
/118.0 cm and A2Q.5 cm were combined to maps of Faraday rota- 
tion measures RM. Clipping below 4 times the rms noise in po- 
larized intensity restricts the maximum RM error to +69 rad m"^ 
and +19radm"^, respectively. The average value in both maps 
of +40 + 2 rad m"^ has been adopted as the foreground RMf^ 
from our Galaxy, consistent with previous results (Beck 11991 
Ehle & Beck 1993), and has been subtracted to obtain Faraday 
rotation measures RMi intrinsic to NGC 6946 (Fig.fTSTi. The am- 
biguity of RM values between A3. 5 cm and A6.2 cm of n times 
+ 1232 rad nT^ due to the +jm ambiguity of polarization vectors 
is large and can be excluded. 

RM errors are large due to the small wavelength difference. 
Noise in the maps of polarized intensity accounts for RM fluc- 
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Fig. 10. Degree of field regularity q, the ratio of the regular field 
strength in the sky plane to the isotropic random field strength, 
derived from the fractional polarization of the nonthermal inten- 
sity of NGC 6946 at A6.2 cm at 15" resolution, q was computed 
only at points where the total nonthermal intensity at /16.2 cm 
exceeds 10 times the rms noise. 

tuations of ARM - (y/2S (Aj- A^) )"' where S is the signal-to- 
noise ratio of the polarized intensities at Ai and A2. The rms noise 
in PI is taken to be the mean rms noise in Q and U. ARM be- 
tween A3.5 cm and A6.2 cm due to noise is expected to increase 
from 12 rad m"^ in the brightest inner parts of the northern mag- 
netic arm {S - 23), to 46 rad m"^ over the whole northern arm 
{S - 6), and to 69 rad m"^ at the cutoff limit in Fig.[T2]of 5=4. 
In the brightest part of the northern magnetic arm the observed 
dispersion in RM (Fig. [12] left) is 25 rad m"^, so that the con- 
tribution by random fields is ^ lOradm"^ , while the dispersion 
of ^ 50 rad m"^ observed over the whole arm is dominated by 
fluctuations due to noise. A similar conclusion is valid for the 
fluctuations in the RM map between /1 18 cm and A20 cm (Fig. [12] 
right). 

RMi between A3.5 cm and A6.2 cm (Fig. [12] left) shows the 
well-known north-south asymmetry with predominantly positive 
values in the northern magnetic arm and negative ones in the 
southern magnetic arm. The large-scale variation of RM with 
azimuthal angle in the galaxy plane is sinusoidal (Ehle & Beck 
1993). This has been interpreted as a superposition of the m - 
and m - 2 dynamo modes (Rohde et al. il999j . No other large- 
scale field reversals are observed. 

The RM amplitude of ± 100 rad m"^ is provided by a regular 
field of about 8 yuG strength (Sect. 13.3b and diffuse ionized gas 
with an electron density of {n^) - 0.03 cm"^ and a pathlength of 
about 1 kpc. 

In the Milky Way, Faraday rotation data from pulsars in- 
dicate multiple large-scale field reversals (Han et al. I2006I I. 
Nothing similar has been observed in any external galaxy so far. 
Although Faraday rotation data in galaxies like NGC 6946 are 
line-of-sight integrals, large-scale field reversals would be evi- 
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Fig. 11. Polarized intensity contours and observed B-vectors 
(£+90° ) of NGC 6946 at ^3.5 cm at 8'.' 5 resolution, observed 
with the VLA D-array. Faraday rotation is smaller than 5° at 
this wavelength. The contour intervals are 1,2,3,4,6,8,12 x 
20 yuJy /beam area . The vector length is proportional to polar- 
ized intensity, 5" length corresponds to 100 yuJy/beam area . The 
background greyscale image shows the Ho' emission (Ferguson 
et al. I1998I I. The position of the radio nucleus of the galaxy is 
RA, DEC(2000) = 20*' 34™ 52^25, +60° 09' 14'.' 5. 



dent from the existing data. Furthermore, the general concentra- 
tion of coherent fields in interarm regions, like in many spiral 
galaxies, was not found in the Milky Way. Either our Galaxy is 
special, or the data are not yet sufficient to trace the large-scale 
Galactic field. 

RMi between /il8.0cm and /120.5 cm (Fig. [12] right) is on 
average 5 times smaller than RMi between A3.5 cm and A6.2 cm, 
which is the effect of Faraday dispersion in the disk (Sect. 13.91 ). 
In the south-west quadrant no data are available due to the weak 
polarized emission at /1 18.0 cm and A20.5 cm. At a resolution of 
72" RMi drops to about -50radm"^ in this region (Beck |1991| ). 

A close pair of bright background sources (source A: 
RA, DEC(2000) = 20^ 34™ 24^;2, +60° 10' 41", source B: 
20'' 34™ 26U, +60° 10' 32") has fractional polarizations of 2% 
and 12% at both /I3.5cm and /I6.2cm. Both sources are com- 
pletely depolarized at /I20cm. At /1 18 cm only source B is still 
visible (p ^ 3%). Their RM between /I3.5cm and /I6.2cm is 
252 ± 20 rad m"^ and 171+2 rad m"^ . As polarized waves from 
background sources travel through the whole disk, their RMq 
(after subtraction of RMf„) should be about twice that of the in- 
ternal emission RMj. While the high RMq of source A is prob- 
ably intrinsic, RMo ^ 131 rad m"^ of source B corresponds to 
RMi ^ 65 rad nT^ of the diffuse emission, consistent with the 
RMi of the diffuse emission of NGC 6946 observed in this re- 
gion (Fig.[T2]left). 

Another pair of bright, polarized background sources, barely 
separated, is visible at the southern edge of the maps at /1 18 cm 
and .120 cm (Fig.©, located at RA, DEC(2000) = 20'' 35™ 19^:2, 
+60° 02' 08", at 12kpc distance from the centre of NGC 6946. 
The total flux densities are 860 + 50yuJy at A18 cm and 1070 + 



40 juJy at A20 cm. The rotation measure, corrected for the av- 
erage foreground of RMf^, =40 + 2 rad m"^ , is /JMq = - 1 3 ± 
4 rad m"^ and may indicate that regular fields and ionized gas 
in NGC 6946 extend to at least 12kpc radius. However, a vari- 
ation of RMfg cannot be excluded. Ehle & Beck (1993) deter- 
mined RMfg = 30 + 4radm"^ for the radius range 9.5-14 kpc 
which means no significant internal rotation measure (RMq = 
-3 ± 6radm"^ ) towards the background sources. Observations 
of more polarized sources with higher sensitivity are required. 

3.8. Structure function of RM 

Faraday rotation measures are signatures of structures of coher- 
ent regular magnetic fields in an astrophysical plasma with a 
spectrum of scales which can be characterized in various ways. 
Wavelet spectra are an excellent tool to analyze intensity maps 
(Frick et al. 2001), but cannot be applied to RM data. Analysis 
of RM data of galaxy clusters with the autocorrelation func- 
tion revealed power spectra of the magnetic field approximately 
of Kolmogorov type (Vogt & EnBlin 2003). In our Galaxy, on 
scales of 0.5-5° (^ 10-100 pc at 1 kpc distance), Haverkorn et al. 
C2006) found slopes between 0.4 and 0.8 in interarm regions, but 
very flat SFs in optical spiral arms. The resolution obtained in 
NGC 6946 allows to study only scales larger than about 400 pc. 

Figure [T3] shows the structure function SF of the intrinsic 
RMi values in NGC 6946 at the two wavelength pairs. The errors 
in S F were computed from the standard deviations. The S F of 
RMi between A3. 5 cm and A6.2 cm is flat (slope ^ 0.3) until 4' 
(6 kpc) and then steepens (slopes of ^ 2^). The SF of RMi 
between /il8cm and /i20cm is very flat (slope ^ 0.0) until 3' 
(5 kpc) and then mildly steepens (slope ^ 0.3). Hence, Faraday 
effects shift spectral energy from large to small scales. 

The RMi structures seen in NGC 6946 are correlated on 
scales of > 6 kpc which is due to the magnetic arms hosting co- 
herent regular fields. On scales of 1-6 kpc the RMi distribution 
is mostly chaotic, without indications of systematic structures in 
the coherent magnetic fields, like Parker loops. Coherent fields 
on kpc scales also exist in the Milky Way, measured from pulsar 
rotation measures (Han et al. |2006l l and from Zeeman splitting 
of OH maser lines (Fish et al. l2003l l. 

3.9. Faraday depolarization 

The new polarization maps at /118.0 cm and A2Q.5 cm at 15" res- 
olution (Fig. |6] bottom) do not show more polarized emission 
in the SW quadrant than the previous data at lower resolution 
(Beck [T99lT l. Therefore 2-D depolarization mechanisms acting 
in the sky plane, like Faraday dispersion in a foreground screen 
or RM gradients, are less important in NGC 6946. 3-D Faraday 
depolarization mechanism within the emitting volume, i.e. dif- 
ferential Faraday rotation or Faraday dispersion, dominate. In 
contrast to NGC 6946, the systematic pattern of depolarization 
in M 3 1 shows that most of the depolarization in that galaxy is 
due to foreground RM gradients. Compai-ed to NGC 6946, RMs 
in M 3 1 are larger because the coherent regular field is stronger 
and the galaxy's inclination is higher (Fletcher et al. l2004l l. 

Faraday depolarization is usually defined as the ratio DP of 
the degrees of polarization synchrotron emission at two wave- 
lengths. This requires subtraction of the thermal emission which 
is subject to uncertainties (see Sect. |3.2| i. Instead, DP was com- 
puted in this paper by: DP - (PI1/PI2) x (v2/vi)"" where 
a„ = - 1 .0 is the synchrotron spectral index, assumed to be con- 
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Fig. 13. Structure function (in logarithmic presentation) of the 
intrinsic Faraday rotation measures RMj between /I3.5cm and 
A6.2 cm (top) and between /118 cm and A20 cm (bottom) at 15" 
resolution. The scale is measured in arcseconds. 



stant across the galaxy. Deviations in a,, affect DP less severely 
than the estimate of thermal fraction of the radio emission. 

DP{6cm/3cm) (Fig. [14] left) is around 1 in both main mag- 
netic arms and in the inner galaxy east of the centre. Smaller 
values around 0.7, i.e. stronger depolarization, are found 1-3' 
south-west of the centre. DP(2Qcm/6cm) (Fig. [14] right) varies 
over a much larger range. While DP in the northern magnetic 
arm is around 0.4, strong depolarization (DP between 0. 1 and 
0.2) occurs in the south-western quadrant. 

Differential Faraday rotation within the emitting layer leads 
to depolarization which varies with A as a 5/n(x)/x function, with 
x = 2 \RMi\ A- (Sokoloff et al. |T998] l. At ^20.5 cm strong DP is 
expected for \RMi\ > 30radm"^ , with many lines of zero polar- 
ization ("canals") along level lines with \RMi\ = n 37.5 rad m"^ . 
Only two canals were identified which are probably generated in 
the Galactic foreground (Sect. l37TOl i. Hence, diflFerential Faraday 
rotation in NGC 6946 cannot explain the large-scale asymmetry 
in DP (Sect.ra. 

The intrinsic rotation measures between /118.0 cm and 
A2Q.5 cm are a factor of about five smaller than those between 
A3.5 cm and A6.2 cm. The galaxy is not transparent to polarized 
decimeter radio waves, it is Faraday thick (Beck [1991] Ehle & 
Beck |199"3l l. Berkhuijsen et al. (1 19971 1 successfully modeled the 



similar situation in the spiral galaxy M 5 1 by assuming Faraday 
dispersion, which depolarizes most of the disk, plus a foreground 
layer in the upper disk or in the halo which have a lower polar- 
ized intensity and rotation measure than the full disk. 

Internal Faraday dispersion by turbulence in the magneto- 
ionic interstellar medium along the line of sight is the probable 
source of depolarization at long wavelengths. It is computed as 
(Sokoloff etal. , 1998) : 

p = po[l-exp(-25))]/(25), (5) 

where S - cr^j^A'^. ctrm is the dispersion in intrinsic rotation 
measure RM/. (Note that a factor of two was missing in Beck 
iTWTj and in Ehle & Beck [T993] ) DP = 0.2 at A2Q.5 cm needs a 
dispersion of o-f^M - 38 rad m"^ . 

Faraday dispersion is an effect of the turbulent interstellar 
medium and can be written as ctrm - Q.^ln^B^diLf I (^^'■^ where 
He is the thermal electron density of the diffuse ionized gas (in 
cm"^ ), Bi the random field strength (in yuG ), L the pathlength 
through the thermal gas (in pc), d the turbulent scale (in pc), and 
/ the filling factor of the Faraday-rotating gas. Faraday rotation 
and depolarization occur in the diffuse ionized medium with a 
large filling factor, while the thermal optical and thermal radio 
emission is dominated by H ii regions with a small filling factor 
(see discussion in Ehle & Beck 1993). Standard values of «e = 
0.03 cm-\ B, = 10/zG, L = 1000 pc, c/ = 50pc and / = 0.5 
yield the required ctrm- 

In the south-western quadrant DP decreases to < 0.2 (Fig. [14] 
right). If due to Faraday dispersion, an increase of «e or is re- 
quired, although star-formation activity and total radio emission 
is lower in this quadrant. The DP asymmetry is probably an ef- 
fect of field geometry (Sect. l4~2] l. 

3.10. Depolarization rings 

The A2Q.5 cm polarization map shows three narrow rings of zero 
intensity (Fig.[T5]l with a 90° jump of the polarization angle, re- 
sembling the canals in the A2 \ cm and A9Q cm polarization maps 
of the Milky Way with resolutions of more than an arcminute 
(Gaensler et al. [20011 Uyaniker et al. [20031 Haverkorn et al. 
"SOOT) and in the A2Q cm polarization map of M 3 1 with 45" res- 
olution (Shukurov & Berkhuijsen 2003). These Galactic canals 
have a much longer angular extent than those in NGC 6946, most 
of them are not closed, and the few closed ones are irregular in 
shape. 

The half-power widthflof the rings in Fig.[T5]are 4-6". The 
ring diameters are 20" (ring at RA, DEC(2000) = 20*" 35" \0\ 
-h60° 12' 35") and 12" (rings at RA, DEC(2000) = 20*^ 35'"02\ 
4-60° 12' 50" and at 20*' 35™ \Q\ 4-60° 07' 25"), coiTesponding 
to 530 pc and 320 pc if generated in NGC 6946, or to 0.1 pc x D 
and 0.06 pc x D at a distance D (in kpc) in the Galactic fore- 
ground. 

Depolarization canals or rings can be generated in the Milky 
Way by a superposition of diffuse background emission which is 
rotated in a Faraday screen with unrotated foreground emission 
(Sun et al. I2007I I. As our VLA synthesis observations were not 
sensitive to the diffuse Galactic foreground emission, this expla- 
nation cannot be applied. 



Though structures in Q or U cannot be smaller than the beamsize, 
this is not true for maps of polarized intensity. Canals are the result of a 
sign change in the maps of Stokes Q or U or both (Fletcher & Shukurov 
2006 ). A steep gradient in Stokes Q or U may lead to a canal which is 
narrower than the beam. 
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The foreground RMfg in the Milky Way with a mean value 
of 40 rad m"^ can also generate a depolarization canal or ring 
if a jump or gradient of ARMfg = (±« + j)7t/A^ occurs on 
scales smaller than the beamsize (Fletcher & Shukurov I2006I I. 
The rings of NGC 6946 could be signatures of small-scale struc- 
tures in the magnetized Galactic interstellar medium with di- 
ameters of d ^ 0.06 pc X D, smaller than those observed in 
Galactic surveys so far, in the size range of Galactic planetary 
nebulae or compact H ii regions. Two of the rings have almost 
circular geometry. Assuming a spherical shape and a constant 
regular field strength of 2 fiG inside and outside the object, a 
RM jump of 38 rad m"^ requires a mean electron density of 
< «e >- 400 cm"^ /D where D is the distance in kpc. With a 
15" beam at 1 .4 GHz, the thermal radio flux density per beam is 
^ 0.6 yuJy X EM where EM is the emission measure. With the 
numbers quoted above, EM -< >^ d/ f ^ 10"* cm^^pc/D/f, 
where / is the filling factor, yielding a large thermal flux den- 
sity of several mJy/beam area , which is not detected in Fig. |2] 
so that the rings cannot originate in the Galactic foreground. 

Shukurov & Berkhuijsen ( 120031 1 and Fletcher & Shukurov 
(120061) discussed that the canals can also be generated by internal 
diff^erential Faraday rotation within the emitting medium. Such 
canals appear at A20.5 cm at level lines of RM, - +njil{2A^) - 
±«37.5radm"^ and at /118.0cm at ±n 48 .4 rad m"^ (Fletcher & 
Shukurov 2006). (Note that RMi is the observed internal ro- 
tation measure which is half of the RMq through the whole 
source.) The intrinsic rotation measure which is relevant for in- 
ternal differential Faraday rotation is that of the visible layer, i.e. 
the intrinsic rotation measure between /118.0 cm and /120.5 cm 
(Fig. [12] right). The RMj values around the rings are smaller 
than the critical values for total internal depolarization, so that 
a steep increase towards the rings is required. Assuming a di- 
ameter d - 300 pc (e.g. a Hii complex), a spherical shape and 
a constant regular field strength of 3 jiG inside and outside the 
object, a RM jump of 38 rad mT^ requires a mean electron den- 
sity of < He >- 0.1 cm"^^. The corresponding emission mea- 
sure of EM ^ 3 cm^^pc// yields a thermal flux density of 
^ 40 //Jy /beam area for / = 0.05, only 2 times the rms noise 
at /120.5 cm and hence not visible in Fig.|2l 

4. Discussion 

4. 1 . The origin of tiie magnetic spiral arms 

The two bright inner magnetic spiral arms of NGC 6946 are not 
the eff'ect of reduced depolarization in the regions between the 
optical spiral arms. Firstly, wavelength-dependent Faraday de- 
polarization is not weaker (indicated by larger DP values) in the 
magnetic arms (Fig. [14] right). Secondly, reduced wavelength- 
independent depolarization (less tangled fields or less turbulent 
fields) can be excluded by the fact that the magnetic arms are 
seen also in total intensity (Figs.[T]and|2]right). The intensity en- 
hancement in the magnetic arms above the background is about 
the same in polarized and in total intensity. Hence, the magnetic 
arms are real features where the strengths of the regular and of 
the total field are enhanced. After subtraction of the smooth, un- 
polarized disk emission, the degree of polarization is very high 
in the magnetic arms, reaching the maximum possible value of 
75% in the northern magnetic arm, so that the magnetic field is 
totally aligned there. 

Magnetic arms exist in several other gas-rich spiral galaxies 
of Hubble type Sc, for example in IC 342 (Krause 1993; Beck 
120051 ). NGC 2997 (Han et al. [T999] ) and M 83 (Beck^Os]), but 
are less prominent than in the classical case NGC 6946. In galax- 



ies with strong density waves, like M 51, bright ridges at the in- 
ner edges of the spiral arms dominate the maps of polarized in- 
tensity (Patrikeev et al. 2006 ), but the diffuse polarized emission 
in the interarm regions may have a similar origin as the mag- 
netic arms. Sb-type galaxies like M 31 and M 81 and flocculent 
galaxies like M 33 do not host magnetic arms (see Beck 120(j5] 
for a review). Hence, the phenomenon of magnetic arms seems 
to occur preferably in galaxies with a large mass of cold gas, a 
high star-formation rate and strong magnetic fields. 

The analysis technique with 1-D wavelet functions by Frick 
et al. (120001 ) is a tool to measure the pitch angle of spiral arm 
structures. Application to the NGC 6946 data indicated that the 
magnetic arms seen in polarization are phase-shifted "images" 
of the gas/optical arms, receding in the sense of galactic rotation, 
and hence could be the result of interaction between the gaseous 
density wave and the magnetic dynamo wave. The structure of 
the magnetic arms is more regular than that of the gas arms. Gas 
inside the corotation radius of ^ 10 kpc (Rohde et al. 119991 ) ro- 
tates faster than the spiral pattern and crosses the magnetic arm 
before entering the gas arm, so that the magnetic arm is gener- 
ated first. The properties of the gas arm could be determined by 
the magnetic arm. 

Slow 2-D MHD waves in a galactic disk provide the required 
phase shift between the amplitudes of the gas and the mag- 
netic field and also explain the alignment of the pitch angles of 
the magnetic field (Fan & Lou 1996, 1997; Lou & Fan 19981 
However, magnetic arms are observed only in the differentially 
rotating part of NGC 6946 while in the model slow MHD waves 
exist only in the rigidly rotating part. Furthermore, slow MHD 
waves are unstable in three dimensions as they evolve into 
the modes of the Parker instabilities (Foglizzo & Tagger [T9951 
Shukurov |2005] ). 

Linear models of the turbulent galactic dynamo are in prin- 
ciple able to explain the two bright magnetic arms if dynamo ac- 
tion in the interarm regions is enhanced by increased magnetic 
diffusivity or a larger correlation length (Moss 1998.; Shukurov 
119981 Rohde et al. 119991 ). The m = azimuthal dynamo mode 
generates an axisymmetric spiral field with constant field direc- 
tion, the m = 2 azimuthal mode four magnetic spiral arms with 
alternating field directions. If the m - Q and m - 2 azimuthal 
modes are superimposed with the same amplitudes, two arms 
remain which have the same direction of the radial field compo- 
nent with respect to the galaxy's centre, in agreement with the 
large-scale RM distribution observed in NGC 6946 (Sect. 13.7b . 
However, the dynamo model predicts that the phase shift be- 
tween the magnetic arm and the optical arm varies with galacto- 
centric radius and vanishes at the corotation radius, while the 
observed phase shift is almost constant with radius (Frick et al. 
20001. 

In the interpretation of the magnetic arms as dynamo modes, 
the pitch angle of the field vector depends on the dynamo num- 
bers which reflect the physical conditions required for dynamo 
excitation (Shukurov i2000l ). If these conditions vary locally, the 
pitch angle will also vary. Rohde et al. (1999) showed that the av- 
erage absolute field pitch angle in NGC 6946 is indeed smaller 
by about 10° in the magnetic arms than in the nearby optical 
arms. 

To quantify the regularity of the spiral field pattern in 
NGC 6946, field pitch angles were computed from the observed 
B-vectors. At each point of the map with sufficiently high po- 
larized intensity, the position angle of the circumferential vec- 
tor in the plane of galaxy, projected into the sky plane, was 
subtracted from the position angle of the Faraday-corrected B- 
vectors (Fig. [6] top right). The plane of the galaxy was assumed 
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Fig. 16. Pitch angles of the magnetic field vectors at 20" resolu- 
tion and contours of polarized intensity at A6.2 cm. 



to be inclined by 38° to the sky plane. The major axis of the 
galaxy plane projected to the sky plane was assumed to have a 
position angle of 60° (Carignan et al. I1990I I. Figure [T6l shows 
the resulting map of the pitch angles of the magnetic field vec- 
tors in the sky plane. The average pitch angle of the field vectors 
in the northern magnetic arm is -20° + 10° , with a tendency 
of decreasing absolute values from the inner to the outer part. 
The rms variations are consistent with those expected from rms 
noise in the original maps. The field in the southern main mag- 
netic arm shows larger variations in pitch angle. In its inner part 
(east of the galaxy centre) the field's pitch angle is -25° + 7° , 
while the outer part (south to west) the pitch angle varies be- 
tween 0° (azimuthal) and -40° in a quasi-periodical manner on 
a length scale of about 2' (3 kpc), where the structure function 
(Fig. [T3] top) starts to rise. 

Comparison of the pitch angles of the magnetic field vec- 
tors (Fig. UM with the Faraday rotation measures (Fig. [T2l left) 
reveals some degree of correlation. For example, RM values of 
< -lOOradm"^ in the south-east and at the western edge of the 
map correspond to small absolute pitch angles in Fig. [161 Vice 
versa, RM > lOOradm"^ about 3' west and east of the centre 
correspond to large absolute pitch angles (about -40° ). Cross- 
correlation of the pitch angles of Fig. [16] with the RM data be- 
tween A3.5 cm and A6.2 cm at the same resolution yields a neg- 
ative slope of -0.32 and a correlation coefficient of -0.45. With 
more than 50 independent points and a Student-t value of 4 this 
is a significant correlation. As RM shows the regular field com- 
ponent along the line of sight and the pitch angle the field projec- 
tion in the sky plane, systematic 3-D deviations of the magnetic 
field lines from the plane of the galaxy are the probable cause for 
the correlated deviations, such as helical fields (see Sect. l4.2l i. 

Although the field pitch angles are not constant in 
NGC 6946, they may still be aligned with the spiral structures. 
To measure the pitch angles of the spiral structures the wavelet 
technique of Frick et al. ( 120001 ) was applied to the polarized in- 



tensity map (Fig.|6]top right). The mean pitch angle of the north- 
ern magnetic arm structure is -25° +1° and that of the southern 
magnetic arm is -31° +2° (inner part, from east to south) and 
-15° +1° (outer part, from south to west). Hence, the pitch angle 
of the magnetic field vectors and that of the structure in polar- 
ized intensity agree well in the northern arm, but only in parts 
of the southern arm. In M 5 1 the magnetic field in one polarized 
arm has the same pitch angle (within a few degrees) as the arm 
itself, but the field's pitch angle is systematically smaller by 10- 
20° than the pitch angle of the other polarized arm (Patrikeev et 
al. l2006l l. 

Alignment of the field vectors along the spiral structure can 
also be achieved by compression of field and gas, e.g. in density 
waves. However, the alignment of the field along the magnetic 
arms of NGC 6946 cannot be explained by compression because 
any sign of gas compression is missing. Density waves are rela- 
tively weak in NGC 6946, probably due to the lack of a compan- 
ion galaxy and of a massive bar. Only in the inner region, at the 
inner edge of the inner northern optical arm, density waves are 
sufficiently strong for significant compression and field align- 
ment along the optical arm (Sect. |3.6l l. 
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Fig. 17. Average polarized intensity at /1 18.0 cm and A2Q.5 cm at 
20" resolution. 

The new observations presented in this paper raise chal- 
lenges to turbulent dynamo models. Firstly, two main magnetic 
arms in NGC 6946 are only the tip of the iceberg, the bright- 
est parts of a network of magnetic features (Figs. [7] and [TTj i. 
The outer northern magnetic arms are also located between H i 
arms. A dynamo origin of these outer arms is possible by the 
excitation of azimuthal modes higher than m - 2, but needs 
to be tested with Faraday rotation measures, which however is 
not possible with the present data. At wavelengths of /1 18 cm 
and larger, the galaxy is no longer transparent to polarized radio 
waves from the disk, so that no reliable RM can be determined. 
At shorter wavelengths, the sensitivity of present-day radio tele- 
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scopes is insufficient to detect polarized synchrotron emission 
from the outer magnetic arms. Polarized background sources of 
sufficiently small angular size do not suffer from Faraday depo- 
larization and can be used to determine RMs within the galaxy. 
With present-day telescopes the number density of polarized 
sources is too low. Future measurements at long wavelengths are 
favorable (e.g. with LOFAR) yielding a smaller RM error. 

Secondly, the total alignment of the field in the northern 
bright magnetic arm is hard to understand because turbulent 
dynamos always generate small-scale random fields simultane- 
ously to large-scale fields. Either the production of random fields 
is suppressed in the magnetic arms, or these random fields are 
distributed smoothly over the whole disk, observable as smooth, 
unpolarized emission. Future turbulent dynamo models includ- 
ing the simultaneous generation of small-scale and large-scale 
magnetic fields are required. 

Thirdly, the partial alignment of the field along the spiral 
structures and the network of magnetic arms call for nonlinear 
dynamos. In linear dynamo models, the pitch angle of the mag- 
netic field vectors and that of the generated polarized spiral arm 
structure are independent. In NGC 6946 and several other spi- 
ral galaxies, these two pitch angles are mostly similar. Nonlinear 
dynamo models are required where the field can back-react onto 
the gas flow. 

The comparison of energy densities in Sect. 13.31 demon- 
strated that the magnetic fields control the flow of the ionized 
gas and are of similar importance as the turbulent motions of the 
neutral gas, possibly even dominating (Fig. |5]l. An influence of 
the magnetic field onto the gas spiral arms is well possible. 

A few steps steps have already been done along this way. 
Elstner et al. (|2000|) modelled the magnetic field in a spiral 
galaxy from dynamo action and shear in a time-dependent gas 
flow, without back-reaction onto the gas flow. The regular mag- 
netic field was shown to avoid the gas arms, forming magnetic 
arms, as observed, and the spiral arm flow adjusts the field along 
the regions of high gas density. However, the pitch angles of 
the magnetic field vectors are too small in the interarm regions. 
Inclusion of the magneto-rotational instability (MRI) as the main 
source of turbulence in the outer parts of galaxies (Sellwood 
& Balbus |1999t Dziourkevitch et al. 2004) provide relatively 
strong seed fields which may enhance dynamo action and gen- 
erate mixed dynamo modes with magnetic arms. The model by 
Nishikori et al. ( 120061 ) includes MRI, but neglects spiral flows, 
dynamo action and the input of turbulent energy by supernovae. 
Many magnetic arms appear in their model, but with frequent 
reversals of the azimuthal field direction along radius which are 
not observed. Furthermore, the field also reverses from the disk 
to the halo, so that the RM of polarized background sources 
should be small, which also is in conflict with the observations 
presented in this paper. 

Future MHD models should include the detailed gas flow (as 
obtained from high-resolution Hi observations) and allow for 
back-reaction of the generated magnetic field onto the gas flow. 

4.2. The origin of the depolarization asymmetry 

The second unexpected discovery from radio polarization obser- 
vations of NGC 6946 was the large-scale asymmetry in Faraday 
depolarization. The strongest depolarization occurs in the SW 
quadrant (Fig. [T4l l. An origin in the foreground of the Milky 
Way by strong RM gradients can be excluded because the RM 
foreground is smooth (Sect. [TTOl ). Strong Faraday dispersion in 
the Galactic foreground in a region of about 5' size is possi- 
ble but improbable. Faraday rotation at long wavelengths is also 



enhanced in the SW quadrant (Beck |1991| l which would cause 
enhanced depolarization only if both phenomena are located in 
the emitting volume within NGC 6946. Enhanced depolariza- 
tion by enhanced thermal density or field strength in the disk of 
NGC 6946 is improble as the star formation rate is low in this 
part of the galaxy. The remaining explanations are halo fields or 
field geometry. 

Faraday depolarization is generated by the field components 
along the line of sight. The required difference between the ver- 
tical field components on the eastern and western major axis 
cannot be achieved by any symmetric field configuration. The 
asymmetry can be interpreted as the effect of a vertical mag- 
netic field (Beck .1991) . This phenomenon may resemble solar 
coronal holes generated by fast streams of hot gas above regions 
of low solar activity. In the centre of this region a huge stellar 
complex with high wind speed is observed (Efremov et al. 2002J 
Larsen et al. 2002). If this is the origin of strong outflows of 
hot gas, enhanced X-ray emission should be observable from the 
halo in the SW quadrant of NGC 6946. Figure [18] shows a deep 
ROSAT image which reveals diffuse, extended emission around 
the galaxy. The extension of the X-ray emission is larger towards 
the south and towards the north-west, but there is no significant 
increase in the region of strong depolarization. More sensitive 
XMM data are forthcoming (Ehle & Beck, in prep). 
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Fig. 18. Deep 60 ksec ROSAT HRI image of NGC 6946 (Ehle, 
priv. comm.) overlaid onto an optical image. 

A large-scale field asymmetry could also be caused by a 
bisymmetric {m = 1) dynamo mode which dominates in the halo. 
However, Ehle & Beck (1993 ) demonstrated that the rotation 
measures between A2Q.5 cm and /12.8 cm (tracing disk plus halo) 
can be fitted by a single-periodic sine wave of similar phase than 
the RM between A6.3 cm and A2.E cm (tracing the disk only), ex- 
cluding the presence of a bisymmetric mode with an amplitude 
similar to those of the m - and m - 2 modes. 

Interestingly, depolarization asymmetries exist in several 
galaxies. The polarized intensity of NGC 6946 at /I20cm has 
a broad minimum centered on the south-western major axis (at 
180° azimuth in Fig.[T9]l. The same phenomenon is observed in 
M 83 which has a similar inclination and orientation in space 
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Fig. 19. Polarized intensity at A20.5 cm at 30" resolution, aver- 
aged in sectors of 10° width in azimuthal angle in the galaxy 
plane and between 1 kpc and lOkpc radius from the centre of 
NGC 6946. The azimuthal angle is counted counterclockwise 
from the galaxy's north-eastern major axis (at 60° position an- 
gle). Errors due to rms noise are ^ 5 /iJy /beam area , smaller 
than the symbol sizes. 



show turbulent fields only without signs of coherency (see Beck 
2005 for a review). NGC 6946 offers everything. 

The low-frequency radio telescope LOFAR is under con- 
struction and will map the magnetic fields in the outer disks of 
galaxies which are populated by low-energy cosmic -ray elec- 
trons. The sensitivity of the extended VLA (EVLA) will allow 
deeper mapping of galaxies in polarization and Faraday rota- 
tion. Finally, the planned Square Kilometre Array (SKA) will 
allow to search for magnetic fields in distant galaxies and to 
accurately measure the spectrum of dynamo modes in nearby 
galaxies (Beck |2006] l. With the SKA the number density of po- 
larized sources on sky will be increase by several orders of mag- 
nitude and allow to measure a dense grid of RMs through galax- 
ies (Beck & Gaensler 120041 ). Thanks to its large angular extent, 
NGC 6946 will be one of the prime targets for these forthcoming 
radio telescopes. 
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as NGC 6946 (Neininger et al. [1993] ). In IC 342 the minimum 
at A2Q cm is also centered on the major axis, but on the north- 
eastern side (Krause et al.'1989'). Hence, all models of asymmet- 
ric vertical fields are improbable because the field geometry can- 
not depend on the direction to the observer Taking into account 
that the sense of winding of the spiral arms in IC 342 is reversed 
compared to NGC 6946 and M 83, a common origin as an ef- 
fect of the geometry of the field with respect to the observer is 
required. A possible explanation are helical fields of sufficiently 
large diameter, so that Faraday depolarization of emission from 
the far side of the helix is different from that from the near side 
(Urbanik et al. 119971) . Detailed models are in preparation. 

5. Summary: NGC 6946, a gold mine of magnetic 
phenomena 

NGC 6946 is the ideal object to study magnetic fields with ra- 
dio polarization. Its size is large enough to allow high spatial 
resolution, and not too large, so that it can be covered by a one 
single pointing with the VLA at wavelengths larger than A6 cm. 
NGC 6946 has one of the highest star-formation rates among 
spiral galaxies and one of the strongest magnetic fields. It is no 
surprise that this is the only spiral galaxy so far which has been 
observed in radio polarization at five frequencies with high res- 
olution and high sensitivity. 

The results on magnetic field properties in NGC 6946 and 
their probable origins are summarized in Table |2l The wealth of 
different phenomena requires a combination of physical origins, 
like dynamo action, density waves and shear flows. These phe- 
nomena occur also in other galaxies, but with different weight- 
ing: Polarized radio emission from M 31 is dominated by its 
coherent dynamo field of axisymmetric type; the strong density 
waves of M 5 1 generate a dominating anisotropic field by com- 
pression; the anisotropic fields of the barred galaxies NGC 1097 
and NGC 1365 are due to compression and shear; the Large 
Magellanic clouds and the Magellanic-type galaxy NGC 4449 
hosts weak coherent dynamo fields, and small irregular galaxies 
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Fig. 6. Top left: Polarized intensity contours and observed B-vectors (£+90° ) of NGC 6946 at A3.5 cm at 15" resolution, combined 
from VLA and Effelsberg data. The contour intervals are 1,2,3,4,6,8 x 40 /iJy /beam area. The vector length is proportional to 
polarized intensity, 12" length corresponds to 100 /^Jy /beam area. Faraday rotation is low (<10°) at this wavelength. The back- 
ground greyscale image shows the 7 fim IR emission measured with the ISO satellite with about 6" resolution (Dale et al. 200(j]l. 
Top right: Polarized intensity contours and B-vectors at A6.2 cm, corrected for Faraday rotation (see Fig.[T2]left) at 15" resolution, 
combined from VLA and Effelsberg data. The contour intervals are 1, 2, 3, 4, 6, 8 x 60 //Jy/beam area . The vector length is propor- 
tional to polarized intensity, 12" length corresponds to 100 juJy /beam area. Bottom left: Polarized intensity contours and observed 
E-vectors at /118.0 cm, not corrected for Faraday rotation, at 15" resolution, combined from VLA C- and D-array data. The con- 
tour intervals are 1,2,3,4,6 x 50juJy /beam area. The vector length is proportional to polarized intensity, 12" length corresponds 
to 100 juJy /beam area . Bottom right: Polarized intensity contours and B-vectors at /120.5 cm, corrected for Faraday rotation (see 
Fig.[T2]right), at 15" resolution, combined from VLA C- and D-array data. The contour intervals are 1, 2, 3, 4, 6 x50 yuJy/beam area. 
The vector length is proportional to polarized intensity, 12" length corresponds to 100 juJy/beam area . 
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Fig. 12. Le/?.- Intrinsic Faraday rotation measures RMj between A3.5 cm and A6.2 cm at 15" resolution at points where the polarized 

intensities at both wavelengths exceeds 4 times the rms noise (taken from that in Q and U). The contours show the polarized intensity 
at A6.2 cm. The contour intervals are 1 , 2, 3, 4, 6 x 80 /iJy /beam area . The foreground RMfg from our Galaxy of 40 rad m"^ has been 
subtracted. Right: Intrinsic Faraday rotation measures RMi between /118.0 cm and A2Q.5 cm at 15" resolution at points where the 
polarized intensities at both wavelengths exceeds 4 times the rms noise. The contours show the polarized intensity at A20.5 cm. The 
contour intervals are 1 , 2, 3 , 4 x 60 juJy /beam area . The foreground RMfg from our Galaxy of 40 rad m"^ has been subtracted. 
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Fig. 14. Left: Ratio between polarized intensities at /I6.2cm and /I3.5cm at 20" resolution, corrected for spectral index, as a 
measure of Faraday depolarization. The ratio was computed only at points where the polarized intensities at both wavelengths 
exceeds 4 times the rms noise (taken from that in Q and U). The contours show the polarized intensity at /I6.2cm. The contour 
intervals are 1,2, 3,4, 6 x 100 Jy /beam area. Ratio between polarized intensities at/120.5 cm and /16.2 cm at 30" resolution, 
corrected for spectral index, as a measure of Faraday depolarization. The ratio was computed only at points where the polarized 
intensities at both wavelengths exceeds 4 times the rms noise. The contours show the polarized intensity at X62 cm. The contour 
intervals are 1 , 2, 3 , 4 X 200 /Jy /beam area . 
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Fig. 15. Polarized intensity and observed E-vectors at /120.5 cm at 15" resolution in the regions showing ring-like "canals". 



